To develop a method to place a lesion precisely in the subthalamic nucleus (STN) and evaluate its effectiveness. METHODS: A retrospective study of targeting data collected during stereotactic planning to lesion the STN in 31 patients with Parkinson's disease and of results in more than 50 procedures was performed. The targeting method was based on computed tomographic imaging together with semimicroelectrode recording digital processing and electrical stimulation. Two statistical methods were used to correlate initial with final target coordinates and assess the efficacy of the targeting procedure.
T hree subcortical structures have been targeted for surgical interventions such as ablative surgery and deep brain stimulation in patients with Parkinson's disease (PD): the motor thalamus (intermediate ventral, also ventralis oralis posterior), the internal segment of the globus pallidus, and the subthalamic nucleus (STN) (104) . Thalamotomy is used primarily to control tremor (25, 27, 49, 52, 76, 85, 86) , whereas pallidotomy, a procedure that was popularized by Laitinen et al. (62) , has proved to be effective for improving all motor-related symptoms of PD (10, 23, 26, 29-31, 36, 42, 48, 51, 56, 60, 61, 64, 69, 70, 82, 90, 98, 108, 115, 117, 120) . Lesions in the STN, although shown to be effective in alleviating all motor signs of PD in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-treated monkey model of PD, have not been used extensively in humans with PD (9, 15, 37, 38, 124) . However, deep brain stimulation has been conducted in the STN and is considered by many to be the preferred target in PD surgery (11, 13, 20, 32, 47, 58, 66-68, 75, 87, 89, 94, 103, 105, 121, 127-130) . Lesions in the sensorimotor region of the STN were performed in humans for the first time in 1995 by the group in Cuba; the first results were reported in 1997 and later (4-6, 78-81, 83, 91) . Other studies have also been performed (8, 17, 34, 106, 107) . At present, our method is under active investigation by foreign institutions dedicated to this issue.
In this article, we describe a method for targeting the STN for ablation using an image-guided computed tomographic (CT) localization technique combined with neurophysiological mapping of the STN. We discuss issues of spatial variability as sources of error in target localization. A method for ablation of the STN that is safe and effective for the treatment of patients with PD is proposed.
PATIENTS AND METHODS
In 40 stereotactic operations, 50 radiofrequency lesioning procedures were performed after STN targeting on 31 patients with primary PD. This experiment was performed between October 1995 and March 2000. The average age of the patients was 55 years (range, 41-62 yr); there were 26 men and 5 women. Of these 50 procedures, 18 were performed bilaterally, 10 were performed unilaterally, and 8 were staged.
All patients had idiopathic PD according to the Brain Bank Criteria (33) , with a positive response to l-dopa, a predominance of axial manifestations, and absent or mild l-dopainduced dyskinesias. The guidelines of the Core Assessment Program for Intracerebral Transplantation (65) were followed for recruitment into the study and assessment. The latter includes the Unified Parkinson's Disease Rating Scale, Parts II (activities of daily living) and III (motor scale); the dyskinesia scale (0 ϭ absent abnormal movements to 4 ϭ generalized, severely disabling movements); the Hoehn and Yahr scale (Stages I-V); and timed tests (hand pronation-supination). These have been described previously (4, 91) .
All procedures were performed by the same surgical team. The protocol was approved by the Cuban Government Ministry of Health, and the patient's consent was obtained according to the Declaration of Helsinki.
Placement of the Stereotactic System
In the first 10 patients, the Leksell G (Elekta AB, Stockholm, Sweden) stereotactic system was used, whereas the Estereoflex system (Tecnosuma, Havana, Cuba) was used for the remaining cases (95) . The frame was positioned after administration of local anesthesia.
To achieve a better alignment between the plane of the stereotactic frame and the axial plane containing the commissures, we took precautions 1) to use ear bars or guides in the external auditory canal such that the plane of the stereotactic frame was perpendicular to the medial sagittal plane, thus preventing coronal inclination ("roll," the inclination angle between the frame and the axial plane that contains commissures, measured on the coronal plane, which passes through the intercommissural midpoint) or rotation ("yaw," the angle between the projection of the intercommissural line and the medial frame line in the anteroposterior direction on the frame plane) of the frame in relation to head position; and 2) to achieve a sagittal inclination (the inclination angle between the frame and the axial plane, which contains two commissures, measured in the medial sagittal plane) of the frame in a 10-to 15-degree angle (57) between the frame and an imaginary line between the upper edge of the external auditory canal and the inferolateral angle of the orbit. In addition, we made cranial measurement corrections for each patient in accordance with anatomic references to improve the efficacy of the correspondence between the frame and the commissural planes.
Acquisition of the Images
For nonstereotactic magnetic resonance imaging (MRI) (1.5 T) (Siemens, Erlangen, Germany), axial T1 and T2 slices together with coronal slices on T2 and inversion recovery spin echo (slices 2-3 mm thick) were carefully aligned, with the intercommissural plane used as reference. The image-capturing protocols have been described elsewhere (11, 57, 105, 130) .
Helicoidal CT scan equipment (A1 Star; Siemens) was used to obtain stereotactic coordinate CT images. All images were acquired by setting the gantry to 0 degrees to promote parallelism between the gantry and the stereotactic frame. We captured all the images by using a 512 ϫ 512-point grid and a 240-mm field of view, in which all the references on the above-mentioned stereotactic system were included. Axial images were transferred to a personal computer installed at the planning station inside the surgical unit.
Surgical Planning and Selection of First Target
The anterior and posterior commissures (AC, PC) and intercommissural midpoint (ICP) were identified by use of STASSIS software (Centro Internacional de Restauración Neurológica, Havana, Cuba) (116), a planning system using original and reconstructed axial images combined with reconstructed coronal and sagittal images.
The angle of the frame relative to the AC-PC line was calculated (57) . The AC-PC distance was calculated by use of the most anterior point in the PC, the most posterior point in the AC, and the position of the ICP.
Although many surgeons target directly from MRI or MRI-CT fusion techniques, we used an indirect method based on stereotactic CT images and preoperative nonstereotactic MRI (35, 57) to determine target coordinates. This strategy is based on anatomic studies of the subthalamus region in 44 brain hemispheres from 22 brains of patients who had died of non-neurological conditions (G López-Flores, unpublished observations). By showing STN spatial projection and nearby structures with the use of AC and PC coordinates, our digitized version of the Schaltenbrand and Wahren stereotactic atlas (96) was translated and linearly scaled to the AC-PC line to conform to the individual patient's anatomy.
Our strategy was to target the center of the STN (Fig. 1) . Initial target coordinates to identify this region were 3 mm posterior to the ICP, 4 mm inferior to the ICP, and 12 to 13 mm lateral to the AC-PC line (91) . Trajectories with the semimicroelectrode were made 0 to 15 degrees from the parasagittal plane at an angle of 40 to 65 degrees in the anteroposterior direction with respect to the plane of the AC-PC line (Fig. 1A) . For the last 35 procedures, this approach was modified, given the complex position of the STN and advantages provided by taking an angle of 60 to 65 degrees in the anteroposterior
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plane, allowing the plane of the trajectory to move through the longest extent of the STN from anterior to posterior. In bilateral procedures, electrophysiological data from the first procedure were used to plan target coordinates for the first trajectory on the second side.
Mapping of the Nucleus with a Multiunit Cerebral Recorder and an Electric Microstimulator
After administration of local anesthesia, with the patient lying down, a 10-mm-diameter frontal trepanation was placed on the basis of the previously determined target coordinates and angle of entry with the recording electrode. We use a single recording electrode to map the STN. The dura mater was then opened, and an entry point was selected, avoiding the sulci at all times to reduce the risk of penetrating sulcal vessels. Semimicrorecording was performed with a concentric bipolar (steel-steel) type of semimicroelectrode, with an outer diameter of 0.3 to 0.4 mm, a tip of approximately 10 to 20 m, an interpolar distance of 0.2 to 0.3 mm, and electrical impedance of approximately 100 k⍀ (84) . Multiunit neuron activity was monitored with a personal computer and was amplified and filtered in the neurosurgical deep recording system (NDRS) digital processing (Centro Internacional de Restauración Neurológica) (111) (112) (113) (114) . The electrode was advanced slowly up to a point 20 mm above the assumed target while the multiunit activity was simultaneously monitored by use of digital processing software activity. The amount of neuronal activity was monitored to identify the bottom of the thalamus, characterized by a reduction in neuronal activity, and the dorsal border of the STN, determined by a significant increase in neuronal activity. The electrode was advanced for 5 to 10 mm beyond the targeted point until the level of neuronal activity was as low as that of the baseline, allowing identification of the ventral border of the STN. Only in the first 10 cases was the activity of the substantia nigra pars reticulata (SNr) recorded to the full extent. Subsequent trajectories were placed 2 mm from the first trajectory to locate the anterior and posterior borders from the lateral edge of the nucleus (Fig. 2) . The remaining trajectories were placed on the basis of the spatial three-dimensional orientation of the nucleus and intranuclear localization of the detected kinesthetic region. We studied the relationship between the response of STN neurons and passive and active movements of the contralateral hemi- (96) body (upper/lower limb and orofacial region) primarily with audio recordings of the multiunit electrical activity by using the NDRS system. Microelectrode stimulation was done after the register tract had been performed on previously selected points of interest. Electrical stimulation at 0.1 and 5 mA with 0.3-millisecondwide pulses at frequencies of 60 to 180 Hz and macrostimulation with the lesioning electrode (1-5 mA and a variable frequency) were used to identify adjacent fiber pathways, e.g., the oculomotor nerve and internal capsule, and to assess clinical symptoms. Internal capsules were defined by visualization of muscle contractions during stimulation, whereas ipsilateral ocular deviation identified the position of the IIIrd nerve.
Study of Space Variability and Error in the Localization of the STN during the First Trajectory
Variability in the position of the initial to final target coordinates identifying the center of the nucleus was measured by taking the absolute distance from the target of the first trajectory of the nucleus to the electrophysiologically defined center. This was determined for craniocaudal (vertical), lateral, and anteroposterior directions by use of analysis of variance and Student's t tests.
Positioning of Lesion
Final lesion coordinates were based on the results of electrophysiological data (high activity, kinesthetic response, tremor synchronous firing). General somatotopic arrangement was also taken into account. The location of mapping trajectories was placed in the STASSIS system on axial slices, and a three-dimensional picture was then developed with the NDRS system on the basis of electrophysiological information superimposed on the respective digitized planes of the Schaltenbrand and Wahren stereotactic atlas (96) . This allowed us to achieve a three-dimensional picture of the volume and region of the STN to be lesioned (Fig. 3) .
The lesion was placed in the rostrodorsal "sensorimotor" portion of the lateral nucleus, generally including the point at which kinesthetic cells in the STN were found. A Leksell neurogenerator (Elekta Instruments AB) was used for lesion placement. The protocol generally followed for lesioning was: power, 8 or 16 W; temperature, 50 to 70°C; time, 10 to 60 seconds.
RESULTS

Accuracy of Frame Placement
The rotation angle of the frame was an average of 2 degrees (range, 0-4.59 degrees) in 40% of operations. Coronal inclination did not exceed a value of 1 degree in 9% of operations and was absent in the rest. The average sagittal inclination was 2.61 degrees (range, 0-12.38 degrees). The AC and PC appeared in the same axial tomographic slices in 35% of operations. Our ICP distance was on average 25.74 mm (range, 23.65-29.43 mm). 
FIGURE 3. A, planning of our method of localizing lesion. On the STASSIS system, we simulated two lesion trajectories, thus defining in each of them the relation between the apparent localization of the intranuclear lesion and the limits of the nucleus, by representing equally the relation between the two lesions on a 3-mm axial slice below the commissure plane from the 1977 digitized Schaltenbrand and Wahren stereotactic atlas (96). The atlas was scaled in relation to the patient's commissures obtained from CT images and scaled again after the electrophysiological mapping of the STN to adjust the electrophysiological limits of the nucleus to it. B, with the NDRS, we selected the trajectories of the intranuclear registers included within the supposed lesion volume. Note that in this
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Space Variability in the Anatomic Localization of the STN during the First Trajectory
Space Variability
Electrophysiologically, the center of the nucleus was 3.75 Ϯ 0.98 mm (mean Ϯ standard deviation) below and 12.5 Ϯ 1.48 mm lateral to the AC-PC line and 3.11 Ϯ 1.73 mm posterior to the ICP.
Indirect Anatomic Localization and Recording of the First Trajectory
During the first recording trajectory, the STN was identified 82% of the time (42 of 50 procedures). In the other 8 procedures, distances from first trajectory to the nearest trajectory that recorded the STN were 1.43 Ϯ 0.72 mm in the mediolateral direction and 0.83 Ϯ 0.76 mm in the anteroposterior direction.
Error in the Anatomic Localization
The position of the target for the first trajectory and the center of the electrophysiologically determined nuclei were significantly similar (P Ͻ 0.01, analysis of variance, Student's t test), and average differences among them showed these findings: the vertical location error was 0.67 Ϯ 0.51 mm: 1.25 Ϯ 1.15 mm in the lateral location and 1.53 Ϯ 1.31 mm in the anteroposterior location. The histogram for all cases is shown (Fig. 4) .
Neurophysiological Mapping
A total of 340 recording trajectories were made in the 50 procedures. Of these, 79% were in the STN. The average number of recording trajectories per procedure was 7.2 (range, 5-15 trajectories). In the last 20 procedures, the average number of recorded trajectories per procedure was reduced from 7 to 6 for bilateral surgery.
An electrophysiological map was developed for each procedure that identified the location of the thalamus, subthalamus, and SNr (Fig.  5) . As the semimicroelectrode was advanced, it proceeded through the anterior nuclei of the thalamus (reticular nucleus, lateropolaris nucleus, anterior ventralis oralis nucleus, zona incerta, and lenticular fascicle) before entering the STN and SNr. When the semimicroelectrode penetrated the STN, an increase in the level of electrical activity occurred that allowed for the differentiation of this nuclear structure from adjacent structures (Fig. 5) . The average height of the nucleus recorded on the trajectory was 3.74 Ϯ 0.88 mm.
The anterior thalamus was identified in all procedures in which the anteroposterior angle was 55 to 65 degrees; in 42.3% of cases, the angle was less than 55 degrees. In the remaining procedures, the first trajectory passed anterior to the thalamus and crossed the internal capsule.
In the 270 trajectories through the STN, a total of 1295 sites within the STN were examined for their response to active or passive movement of the limbs. Responses were found during kinesthetic exploration in 959 sites. Kinesthetic responses were more common in two-thirds of the dorsal region of the nucleus but were also found sporadically in the caudoventral portion of the nucleus. Within this region, a somatotopic arrangement was noticed. In 37% of sites, arm movement-related activities were located in the rostrodorsolateral portion of the STN. Leg movement-related activities were found in 35% of sites and were predominantly in the more medial portion of the nucleus. Cell groups that responded to orofacial movements were generally located in sites between the arms and legs (10%). In 6.4% of patients, the neuronal activity was highly correlated with tremor.
Microstimulation
Stimulation in posterior regions of the STN was associated with paresthesias. These were probably a result of stimulation of the medial lemniscus. In lateral regions of the STN, a muscular contraction was evoked during stimulation, probably a result of activation of corticospinal fibers. In medial penetrations, eye movements were induced. This occurred in 22.5% of procedures. This response was characterized by blepharoptosis and blepharodiastasis, with eye movements. When present, tremor was arrested with stimulation. Improvement of rigidity and hypokinesia was observed equally when the sensorimotor region of the STN was stimulated at high frequencies. Dyskinesias were induced during microstimulation when the stimulus was kept on for several seconds at a higher intensity in 10% of the cases. Dyskinesias did not commonly occur with stimulation in particular portions of the nucleus.
STN Lesion Characteristics
Lesions were performed to produce an optimal intranuclear lesion volume (Figs. 6 and 7 ) and then were gradually modified according to the accumulated experience. Differences among these strategies (I, II, and III) are related to the type of electrode used (diameter per height of the tip), the anteroposterior angle of the lesion trajectory relative to the horizontal plane, the number of lesion trajectories, and the total lesions per trajectory (Table 1; Fig. 8 ). The center of the lesion was placed at 12.3 Ϯ 1.70 mm lateral and 3.47 Ϯ 2.08 mm posterior to the ICP and 3.87 Ϯ 0.97 mm below the AC-PC line.
Complications
Complications were divided into two groups: lesion related complications and non-lesion-related complications ( Table 2) . Lesion-related complications appeared in four patients (13.2%). Intense dyskinesias were observed in three patients (9.68%). The dyskinesias were Grades 3 to 4 on the Unified Parkinson's Disease Rating Scale (65) and were of the choreicballistic type; they predominantly affected the lower limbs but could also be generalized. They appeared within the first 24 hours and then gradually disappeared, although they persisted for more than 6 months. In two patients, trunk ataxia and hypotonia were also present. The hypotonia disappeared in one of the patients 6 months after surgery; in the other, it improved, but a certain degree of asynergy and trunk hypotonia remained, which did not significantly limit the patient's mobility. The patient who developed hemiballismus (Fig. 9) underwent a posteroventral pallidotomy, after which involuntary movements disappeared and antiparkinsonian benefits persisted. The other patient was confused and agitated immediately after the lesioning. The immediate postoperative image showed intracerebral hemorrhage in the paraventricular lamina. The patient improved gradually during the following 2 weeks and was asymptomatic at discharge from hospital. Other non-lesion-related adverse events occurred in two patients who developed cerebrospinal fluid leaks. One of them contracted an infection of the surgical incision, which resolved with surgical and pharmacological therapy. No deaths were associated with this procedure.
The average surgical time, not including the time for obtaining images, was approximately 2.5 hours. In bilateral operations, the surgical time was approximately 5 hours. We ob-
FIGURE 6. Postoperative coronal MRI scans (Patient 1 [A and B] and Patient 2 [C and D]) acquired with the previously mentioned protocol, performed 48 hours (A and C) and 2 months (B and D) after bilateral lesioning of the subthalamus in equal surgical time. Note the perilesional edema that extends outside the nucleus dimensions in the images obtained at 48 hours. In contrast, the extension of the chronic lesion does not exceed the limits of the nucleus.
FIGURE 7. Postoperative axial MRI acquired with the previously mentioned protocol, performed 24 hours after a unilateral lesioning of the STN; the corresponding image of the digitized version of the 1977 Schaltenbrand and Wahren atlas (96) is superimposed. Note the relation between the most lateral localization of two intranuclear lesions and the anteroposterior limits of the STN.
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served a progressive reduction as the experience of the working team increased.
DISCUSSION
Importance of Placing the Frame
Precision in targeting subcortical structures is influenced not only by the ability to accurately identify different anatomic structures by MRI or CT scans but also by correct alignment and placement of the stereotactic system (19, 35, 72) . Meticulous placement of the frame allowed us to minimize the incidence and amount of frame rotation (1 degree). However, even with careful placement, we experienced rotation of the frame in 40% of cases. These values are lower than in other studies, which report a rotation of the frame in 80% (105) and 66% (57) of operations. Our rotation range (0-4.7 degrees) is similar to that reported by Zonenshayn et al. (130) and was less than 5 degrees in all cases. In our patients, rotation of the frame was related to asymmetries of the head and external auditory canal. Rotation of the frame may lead to errors in calculations of the desired target that may vary from tenths of a millimeter to several millimeters (35) . When one adds other errors that are not corrected by stereotactic software, total errors associated with this type of surgery may be considerable.
Coronal inclinations, observed in 9% of operations, were less than 1 degree and caused nonsignificant errors of several tenths of a millimeter (35) . These values are similar to those reported by others (57, 130) . Sagittal inclination averaged 2.61 degrees. Others reported a higher inclination average (57, 130) , whereas still others reported such inclinations in only 32% of procedures (105) . The range of sagittal inclinations (11.5-18.5 degrees) may be influenced by the anatomic variations between the orbitomeatal Frankfurter line and commissural plane, as previously described (118) . In these cases, individual cranial and encephalic anatomic variability may be responsible for the sagittal inclination. Although different methods are used to obtain CT scan images by moving the tomograph gantry, its use eliminates this inclination (35, 46) . We corrected it with software, which prevents the introduction of location errors (57) .
Significance of Image Selection: Relation to Localization Accuracy
The method for anatomic localization of nuclei in the basal ganglia is based on indirect and direct measurements. This has been performed with different image-based techniques, including ventriculography (44), MRI (2, 69, 71, 119), and CT scans (50, 54, 58, 59, 101, 102, 110) . Although ventriculography may be associated with an increase in morbidity, some groups still continue its use combined with a microrecorder (41, 44) . Although the boundaries of nuclear structure can be defined with the use of MRI, the major difficulty with this approach lies in the distortions on MRI (1, 122) . Because of distortion, some authors do not use MRI for determining stereotactic coordinates of subcortical structures (35) . For this purpose, other authors do preliminary studies with a phantom to establish the rate of error in all directions (105) . Many combine this with other more accurate images to correct the distortion and to benefit from its advantages (46, 130) . Advancements achieved in reducing the distortion of MRI scans have allowed increasing incorporation of MRI for anatomic localization of deep structures (3, 11, 105, 109, 130) . Several authors prefer to use this image-aided guide combined with microelectrode recording to improve the localization of intracranial structures (3, 11, 105, 109, 130) . In this study, the combination of stereotactic CT scans and nonstereotactic MRI, together with the use of 1-mm slices, allowed for improvement in the accuracy of localization of ACs and PCs (35) . The use of preoperative MRI allows for better anatomic and morphometric information than can be extrapolated from CT scans (35) .
Anatomic Physiology of the STN
The STN is a small ovoid structure, the shape of a lens, located on the basal portion of the diencephalon adjacent ventrally to the SNr. The subthalamus is oriented obliquely in all three anatomic axes. Relative to the commissures, its largest axis in the anteroposterior direction is at a 45-degree angle with the medial sagittal plane, an angle of approximately 30 to 35 degrees with the axial plane that contains the commissures, as seen on a sagittal plane. Its largest axis in the lateromedial direction makes an angle of approximately 45 degrees with the sagittal plane that contains the commissures, as seen on a coronal cut. Thus, if we consider that these axes are perpendicular to each other and we measure along these axes, the approximate dimensions are 12 mm in the lateromedial axis, 6 mm in the anteroposterior axis, and 4 mm in the superoinferior axis (96) . In the Schaltenbrand and Wahren atlas (96), the nucleus extends 11.5 mm laterally, 5 mm dorsoventrally, and 9 mm anteroposteriorly. However, three-dimensional reconstructions based solely on the atlas are not completely useful because of variabilities of the atlas from one plane to another (77) .
The nucleus is divided into sensorimotor, limbic, and associated territories. The sensorimotor region of the nucleus is located rostrodorsally and constitutes approximately twothirds of the nucleus (15, 16, 40, 88, 93, 123, 124) . There is a somatotopical organization within the sensorimotor region, with cells in the lateral planes related to movements of the upper limbs, whereas cells in the medial planes respond predominantly to movement of the lower limbs (123). There is also another level of organization, at which the proximal portions of the limbs are depicted in larger and more dorsal areas than more distal portions (92, 93, 123) . Neurons are found equally, with multijoint responses within the same limb (93) .
Strategies for the Selection of the First Target
For the localization of the intermediate ventral thalamic nucleus, Ohye (84) described a method of indirect targeting based entirely on the coordinate system of the sterotactic atlas. This is the strategy for the initial selection of the anatomic 
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target that is favored by most groups (25, 35, 43, 49, 52, 53, 71, 110, 115) . It should be noted that there are biological variations within these ranges (7, 18, 45, 53, 90, 118) , requiring the use of additional methods for accurate localization within each patient (99, 130) . Our strategy to locate the first recorder is different from that of other surgeons (63, 126, 127) . Whereas Yokoyama et al. (126) prefer to place the target point of the trajectory in the most ventral region of the nucleus, we use the center of the nucleus, because it is easier to identify the STN. Our localization strategy also included the use of a variable anteroposterior angle. In two-thirds of the procedures performed during the past 2 years, we used anteroposterior angles of 60 to 65 degrees and parasagittal angles of 0 to 15 degrees relative to the commissural plane (105, 130) , whereas others prefer to use wider lateromedial angles (11, 126) . These angle values differ from those used in other studies (16, 123, 124) as well as our previously described initial approach (4, 5, 79, 91) . The surgical strategy was changed because it was thought that with 60-to 65-degree angles, the electrophysiological recognition of structures and thereby the nucleus localization were improved. At the same time, it was agreed that lesions could be better distributed with this angle. Although many articles make no reference to the anteroposterior angles used and sometimes refer only to the lateromedial angle, omitting precise angle values (11, 126) , others use trajectories with angles related to the frame and not to intercommissural planes (11) . These differences should be considered in planning approaches based only on the experience of others; e.g., Ohye demonstrated the effectiveness of mapping the intermediate ventral thalamus using entry angles (85) .
Effectiveness of the Anatomic Localization Method
The effectiveness of our indirect method may be evaluated from two standpoints. One is the efficacy in locating the nucleus in the first recording track. In our method, we identified the STN in the first track in more than 80% of procedures. Other groups, using different MRI localization methods, have reported a low efficiency in the anatomic localization of the STN (43% [39] and 13% [75] ). The Emory group (105) reports 100% efficacy for its direct method with MRI, and another study (130) failed to describe the number of first trajectories that went through the STN.
The second method to determine the accuracy of initial targeting is to study the correspondence between the anatomic and the electrophysiologically determined targets. Using this technique, we were within 2 mm of the targeted site within the STN in more than 70% of procedures, although there are a few reports of location errors for the STN (75, 130) . Reported differences between anatomic and electrophysiologically determined target locations are similar to ours (104, 130) . Although the method of direct localization based on the MRI scan has the benefit of reducing errors caused by space variability (11, 34, 105) , reports of its application on the subthalamus with electrophysiological refining demonstrate that greater accuracy can be obtained by use of a combination of CT scans, MRI, and electrophysiological recording (130) .
Electrophysiological Confirmation
Electrophysiological information required to accurately place one, two, or three intranuclear lesions demands the use of an effective and accurate mapping method, contrary to chronic stimulation, which prefers to place the electrode intranuclearly, where the greatest trajectory of the nucleus is registered (130) . Whereas, in deep brain stimulation, placement of some electrode contacts outside the borders of the nucleus has few consequences, placement of lesions outside the target sites may have greater consequences (11, 94, 121) .
In the present study, with the use of a multiunit cerebral recorder, the STN was identified by finding electrical activity characterized by a high discharge range, with largeramplitude spikes and irregular firing patterns higher than the anterior thalamus, located just above. Below the STN, cells of the SNr were found to discharge much faster but had a more regular firing pattern.
Our method for electrophysiological mapping of the nucleus differs from that of other groups (47, 105, 126, 130) in that we initially map the anterior to posterior extent of the nucleus. We prefer movements in this direction for orientation purposes because there are structures anterior and posterior to the nucleus that are readily identifiable with microstimulation. The goal of this approach is to achieve extensive mapping of the nucleus with a minimal number of trajectories and time.
Electrical Stimulation
Although some authors rely predominantly on the patient's response to high-frequency stimulation for determining the location of the STN (55, 67) , others, like us, rely predominantly on microelectrode recording. Microstimulation provides limited information regarding the determination of nuclear location (47, 126) . Unlike other groups (11), we observed microstimulation-induced dyskinesias in fewer than 10% of the procedures. Tremor arrest was observed with stimulation in the sensorimotor region of the nucleus, which correlated with the presence of tremorogenic cells (91) .
Variability of the STN
On the basis of multiple electrode tracts (average, 7.2 tracts) per procedure, with penetrations generally within 2 mm of one another, we assessed the variability of location of the STN relative to the center of STN volume recordings. From our results, we found that the average location of the electrophysiological center of the nucleus matches the center anatomic point obtained from the atlas (96) . There was little variability from one patient to another, probably because the location is close to the midline and inferior to the third ventricle. The high variance in the height of the nucleus above the trajectory (1.8-5.33 mm) observed in this study may be influenced, among other causes, by the different anteroposterior and lateromedial angles used in our procedures. We observed a discrete reduction in the average height of the nucleus recordings above the trajectory when we used trajectories with angles wider than 60 degrees. With similar angles, heights aver- (11, 47, 103, 130) .
Lesioning Approach
Subthalamotomy has been used previously in the treatment of parkinsonian symptoms, but lesions were not restricted to the sensorimotor region of the nuclei (8, 28, 100) . Others report making an apparently single intranuclear lesion but fail to describe the trajectory angle used (106, 107) . Still others prefer bilateral lesions, making a single 3-mm-diameter lesion adopting image-aided guidance without electrophysiological refining, and they have reported good results, although their sample is quite small (34) . The present lesion strategy has been influenced by analysis of our initial lesioning methods and relating them to clinical findings and postoperative MRI. On the basis of these data, we have adopted several changes in our approach over time: 1) we use 60-to 65-degree anteroposterior and 0-to 15-degree lateromedial trajectories to allow us to map a larger nucleus area and to facilitate identification of the sensorimotor area (Fig. 1); 2) given the position and shape of the nucleus, we perform multiple and overlapping lesions with multiple trajectories rather than a single lesion tract (Figs.  3, 6, and 7) ; 3) test lesions are performed with the lesion probe in the sensorimotor portion of the STN before an irreversible lesion temperature is reached, and they are initiated in the region inside the target zone that has shown a better somatotopic organization or cell activity related to tremor. Welldetermined and localized lesions in the sensorimotor region of the STN can be associated with clinical benefits, as has been published previously by our group (4, 5, (78) (79) (80) (81) (82) (83) 91) .
Complications Related to Lesion Extension
It has long been suggested that the STN has a role in the pathophysiology of dyskinesias, on the basis of the finding that spontaneous hemorrhage into the STN induces hemiballismus (73) . However, dyskinesias and hemiballismus can also be induced by lesions occurring in other brain regions that do not involve the STN (74) . Others think that the STN is an important node in a network that can produce dyskinesias when disturbed by lesioning (12) .
The occurrence of ballismus induced in monkeys by STN lesions was also unpredictable and could not be explained by the lesion size alone (22, 40) . Some influence on the structures around the STN could prevent the occurrence of ballismus in other patients (21, 22) .
Studies by Wichmann et al. (123, 124) and others in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-treated primates using radiofrequency lesions (9, 38) or high-frequency inactivation (13, 14) of the STN, as well as reports of patients whose parkinsonian motor signs were ameliorated after a hemorrhage involving the STN (97, 125) , found that dyskinesias tended to subside, whereas the beneficial effect of STN destruction on parkinsonian motor signs remained. Both the mechanism resulting in dyskinesias after STN lesions and the compensatory process that subsequently reduces these dyskinesias are still functional in the parkinsonian state. The exact localization of these mechanisms remains unclear (124) . A retrospective anatomic and pathological analysis of lesions in patients who underwent surgery of the basal ganglia (thalamus or subthalamic region) demonstrated that, in most cases, dyskinesias were important manifestations, and the lesions were not intranuclear (74) .
Carpenter et al. (22) demonstrated that to provoke dyskinesias or ballismus, lesions greater than 20% of the nuclear volume must be performed. Experiments in monkeys also demonstrated that to produce dyskinesias in the STN, one has to destroy a volume greater than 60% (24); our lesions were 3.5 ϫ 3 ϫ 3 mm, and all were localized in the sensorimotor region of the nucleus. Permanent dyskinesias were not present with this reduced lesion volume, but we did observe an increase of dyskinesias in a small number of patients after the first 48 hours. This could be related to dysfunction of an area greater than the lesioned volume, corresponding to perilesional edema (Fig. 6) . It is notable that in the two patients in our study who exhibited more intense and prolonged movement disorders ( Table 2) , an undesired extranuclear extension of the lesion was observed in MRI studies (Fig. 9) .
CONCLUSIONS
Correct placement of the stereotactic frame, together with optimal selection of commissures and application of an efficient strategy to locate the initial target, provides high efficacy in the localization of the STN, with a low spatial variance in the nucleus and a method for indirect location that, with CT imaging and electrophysiological refinement, has proved to be highly effective. When the multiunit recorder of electric cerebral activity is combined with deep electric stimuli, taking into account the position of the nucleus in space, the mapping method is optimal to estimate the lesion as a positive and accurate determination of the apparent target for the lesion with two lesion trajectories, which also allows for its better localization. To be able to perform comparative multicenter studies of this surgery, we need to standardize the methodology and corroborate the confirmation of apparent anatomic targets with electrophysiological refining and postoperative images for a better correlation with clinical results.
ADDENDUM
Since submission of this article for publication, 50 additional procedures for lesioning of the subthalamic nucleus have been performed in our institution.
A t any particular time, there is usually one most popular method for the surgical treatment of patients with Parkinson's disease. North American neurosurgeons have shifted almost entirely away from lesioning and toward the application of DBS. Nevertheless, there continue to be scientific and socioeconomic reasons to consider alternative surgical approaches, and in this respect, the experience of the team from Cuba offers a unique perspective. These investigators have carefully studied the anatomic and physiological mapping of the subthalamic area and have made lesions in this region. In reality, these lesions often encompass not only the STN but also the white matter tracts in the immediate vicinity, particularly those superior to the STN in the zona inserta. In this respect, these lesions may not be so different from those reported by Spiegel and Wycis or Mundinger several decades ago. This phenomenon is interesting with regard to functional neurosurgical procedures for patients with Parkinson's disease-that is, the revisiting of surgical procedures that went out of favor some 30 to 40 years. Pallidotomy comes to mind as another vivid example of a procedure that was used in the 1950s and then resurfaced 40 years later, only to be abandoned entirely once again. The authors describe a comprehensive approach to localizing the STN target and bring their important work to the attention of the functional neurosurgery community. 
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